Infection of poultry with Salmonella enterica serovar Typhimurium poses a significant risk to public health through contamination of meat from infected animals. Vaccination has been proposed to control infections in chickens. However, the vaccines are currently largely empirical, and our understanding of the mechanisms that underpin immune clearance and protection in avian salmonellosis is not complete. In this study we describe the cytokine, chemokine, and antibody responses and cellular changes in primary and secondary infections of chickens with Salmonella serovar Typhimurium. Infection of 1-week-old chickens induced early expression of a macrophage inflammatory protein (MIP) family chemokine in the spleen and liver, followed by increased expression of gamma interferon accompanied by increased numbers of both CD4
؉ and CD8 ؉ T cells and the formation of granuloma-like follicular lesions. This response correlated with a Th1-mediated clearance of the systemic infection. Primary infection also induced specific immunoglobulin M (IgM), IgG, and IgA antibody responses. In contrast to previously published studies performed with newly hatched chicks, the expression levels of proinflammatory cytokines in the gastrointestinal tract were not greatly increased following infection. However, significant expression of the anti-inflammatory cytokine transforming growth factor ␤4 was detected in the gut early in infection. Following secondary challenge, the birds were fully protected against systemic infection and showed a high level of protection against gastrointestinal colonization. Rapid expression of the MIP family chemokine and interleukin-6 was detected in the guts of these birds and was accompanied by an influx of lymphocytes. Increased levels of serum IgA-specific antibodies were also found following rechallenge. These findings suggest that cellular responses, particularly Th1 responses, play a crucial role in immune clearance in avian salmonellosis and that protection against rechallenge involves the rapid recruitment of cells to the gastrointestinal tract. Additionally, the high levels of inflammatory response found following Salmonella serovar Typhimurium infection of newly hatched chicks were not observed following infection of older birds (1 week old), in which the expression of regulatory cytokines appeared to limit inflammation.
Salmonella enterica remains a major cause of food-borne gastroenteritis throughout the world. Around 30,000 cases of human salmonellosis are reported per annum in the United Kingdom alone (32) . The consumption of infected poultry meat and eggs is a major source of human cases, particularly infections caused by S. enterica serovars Typhimurium and Enteritidis (18) . Therefore, the presence and control of Salmonella infections in chicken flocks remain important public health issues. Although Salmonella serovars Typhimurium and Enteritidis are both capable of causing severe systemic disease in newly hatched chicks, control in birds that are more than 3 or 4 days old is complicated by the fact that infection by these serovars leads to colonization of the gastrointestinal tract and shedding of Salmonella in feces for several weeks with no clinical disease (5, 19) . A number of approaches have been used to control salmonellosis in flocks, including improved hygiene standards, improved animal husbandry, the use of prophylactic antibiotics, and vaccination (37) , although the efficacy of such approaches has proved to be variable. The use of vaccination is perhaps the most straightforward of these strategies and largely avoids risks to public health and the difficulties associated with maintaining strict hygiene procedures on farms. Vaccination has proved to be successful in reducing levels of Salmonella serovar Enteritidis in flocks of egg-laying hens in the United Kingdom following its widespread introduction in 1998, and a decrease in human Salmonella serovar Enteritidis cases has been attributed to this approach (1). Thus, vaccination potentially is an effective approach for controlling salmonellosis in both egg and poultry meat (broiler) production.
Vaccination of chickens with live attenuated or killed vaccines has resulted in various degrees of protection in a range of experimental systems (4, 11-14, 16, 36) . A number of killed and live attenuated vaccines produced from undefined mutants have been licensed in Europe for use in poultry to protect against both Salmonella serovar Enteritidis infection and Salmonella serovar Typhimurium infection. Despite the use of these vaccines, the immunology of protection in the chicken is not fully understood, and it is clear that infection with virulent Salmonella provides a significantly higher level of protection to rechallenge than the level of protection generated by infection with attenuated strains (4) . Therefore, a better understanding of the immunological mechanisms that give rise to protection is required to allow a more rational approach to vaccination in the chicken. In many previous studies workers have investigated the serological responses and cellular changes associated with infection or vaccination, but in more recent studies workers have begun to investigate T-cell function and the expression of cytokines, along with serological changes associated with both primary and secondary infection by Salmonella serovar Typhimurium (6, 7) . Infection with Salmonella leads to increased levels of immunoglobulin G (IgG; also called IgY), IgM, and IgA antibodies (2, 6, 7, 9, 15, 16) and to changes in the distribution of B and T lymphocytes (8) . Clearance of Salmonella serovar Typhimurium from the spleen correlates with an increase in T-cell proliferation and expression of gamma interferon (IFN-␥) at this site, suggesting that a Th1-dominated T-cell response may clear the systemic stages of primary infection (6, 7) . Clearance from the gastrointestinal tract occurred considerably later than clearance from the spleen and liver. While antigen-specific T-cell proliferation of splenic cells remained high following primary infection, a significant drop in the response was found at the time of gastrointestinal tract clearance, suggesting that trafficking of lymphocytes to the gut may play a key role in clearance of Salmonella (6, 7) . Following rechallenge, previously infected birds demonstrated a high level of protection against systemic or gastrointestinal tract infection compared to age-matched birds that received a primary infection (6, 7) . However, following secondary infection, there was little change in the systemic antibody levels or IFN-␥ expression, and there was a decrease in T-cell proliferation, which again was consistent with trafficking of lymphocytes to intestinal sites.
In this study we investigated changes in cytokine and chemokine expression following primary and secondary infection with Salmonella serovar Typhimurium of the chicken, along with cellular and serological changes associated with the infection. The aims of these experiments were to characterize the immune response during a primary infection and to determine the changes associated with a protective response, both systemically and in the gastrointestinal tract, in previously infected chickens.
MATERIALS AND METHODS
Experimental animals. One-week-old specific-pathogen-free (SPF) Rhode Island Red chickens were obtained from the Poultry Production Unit, Institute for Animal Health. The birds were reared in wire cages, initially at 30°C and then at 20°C from the time that they were 3 weeks old, and they were given ad libitum access to water and a vegetable protein-based diet (Special Diet Services, Witham, United Kingdom). SPF flocks are monitored on a regular basis for antibody to chicken anemia virus, and no virus has ever been detected in the Institute for Animal Health SPF flocks.
Bacterial strains. Spontaneous nalidixic acid-resistant and spectinomycin-resistant mutants of Salmonella serovar Typhimurium phage type 14 strain F98 were used in the experimental infections. Salmonella serovar Typhimurium strain F98 is an invasive strain that is virulent in young chicks that are less than 3 days old and is capable of persistent colonization of the gastrointestinal tract of older birds (5, 29) . Bacteria were maintained as glycerol stocks at Ϫ70°C and were grown in Luria-Bertani (LB) broth (Difco, West Molesey, United Kingdom) at 37°C in an orbital shaking incubator at 150 rpm.
Primary infection with Salmonella serovar Typhimurium. One-week-old chickens were infected orally with 10 8 CFU of Salmonella serovar Typhimurium strain F98 in 0.1 ml of LB broth. The control group was mock infected with 0.1 ml of LB broth alone. Five birds from each group were killed by cervical dislocation at 1, 3, 7, 14, 21, and 28 days postinfection (dpi) for postmortem analysis. At each time, cardiac blood was collected for serology. Tissue samples of the liver, spleen, jejunum, ileum, and cecal tonsils were collected aseptically in liquid nitrogen for extraction of total RNA and for immunohistochemistry. Liver and cecal contents were used for enumeration of viable bacteria. Bacterial culturing and enumeration were performed as previously described (5, 29) . Briefly, homogenized samples were plated onto selective brilliant green agar (Difco) containing 20 g of sodium nalidixic acid/ml and 1 g of novobiocin/ml. Plates were incubated at 37°C for 24 h before enumeration of the colonies. For histological examination, tissue samples were fixed in 4% buffered formalin, embedded in paraffin wax, and then cut into 4-m sections. The sections were stained with hematoxylin and eosin as described previously (35) .
Secondary (rechallenge) infection with Salmonella serovar Typhimurium. Seventy-five 1-week-old chickens were divided into three groups. The first group (group 1) served as the control group and was mock infected with LB broth at both the primary and secondary infection times. For the primary infection birds in group 2 were initially inoculated with LB broth, whereas group 3 birds were orally infected with 10 8 CFU of a nalidixic acid-resistant mutant of Salmonella serovar Typhimurium strain F98 in 0.1 ml of LB broth. Infected chickens were monitored for the excretion of Salmonella by cloacal swabbing after the primary infection (3) . Following clearance of Salmonella as determined by cloacal swabbing, at 9 weeks after the primary infection the birds in both group 2 and group 3 were orally infected with 10 8 CFU of the spectinomycin-resistant mutant of Salmonella serovar Typhimurium strain F98. Five birds from each group were killed at 1,3, 7, 14, and 21 dpi, and the tissues were collected as described above.
Immunohistochemistry. Liver, spleen, jejunum, ileum, and cecal tonsil specimens were collected, snap frozen in liquid nitrogen, and stored at Ϫ80°C until use. Frozen sections were embedded in OCT medium, and serial 7-m sections were cut using a cryostatic microtome (SME Cryotome; Shandon Scientific, Runcorn, United Kingdom). After air drying, the embedding medium was removed by dipping slides in 0.1 M phosphate-buffered saline (PBS) for 15 min at room temperature. The sections were incubated with 1% skim milk for 30 min at room temperature to minimize nonspecific binding, before incubation with specific mouse monoclonal antibodies against chicken CD3, CD4, CD8, IgA, IgG (IgY), and IgM (Southern Biotechnology Associates, Birmingham, AL). The antibody dilutions recommended by the manufacturer were used. A Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) was used for detection of T and B lymphocytes, and the specific color reaction was developed with 3,3Ј-diaminobenzidine in Tris buffer used according to the manufacturer's recommendations. All incubations were at room temperature for 1 h, and the sections were thoroughly washed between incubations with 0.1 M PBS. For negative controls, 3% bovine serum albumin was used instead of primary antibody. T and B cells were observed and photographed by light microscopy (model HFX-DX; Nikon, Tokyo, Japan). Quantification of cellular changes in organs was performed by counting cells in photographs taken at a magnification of ϫ200 as previously described (34) . Five photographs per organ for each bird, taken randomly from serial sections, and four birds per group for each time were used to determine changes. Student's t test was used to compare groups.
Quantitative real-time RT-PCR for cytokine expression. Total RNA was prepared from snap-frozen samples using an RNeasy mini kit (QIAGEN, Crawley, United Kingdom) following the manufacturer's instructions. Purified RNA was eluted in 50 l RNase-free water and stored at Ϫ70°C until use. Expression of the cytokines interleukin-1␤ (IL-1␤), IL-4, IL-6, IL-10, IFN-␥, and transforming growth factor ␤4 (TGF-␤4), the chemokines K60, IL-8, and lymphotactin, and a CC macrophage inflammatory protein (MIP) family chemokine was determined by quantitative reverse transcription (RT)-PCR using the ABI PRISM 7700 sequence detection system (PE Applied Biosystems, Warrington, United Kingdom) as previously described (20, 27, 35) . The MIP family chemokine has previously been described as the chicken orthologue of mammalian MIP-1␤, including by us (36) . However, our recent analysis of the cytokine and chemokine complement of the chicken genome sequence (P. Kaiser, unpublished data) suggests that this annotation may be incorrect. There is no doubt that this chemokine is a MIP family chemokine, but in the absence of any functional data or determination of ligand-receptor relationships for the chicken MIP family chemokine members, its previous annotation as chicken MIP-1␤ is at best optimistic and most likely incorrect.
Preparation of soluble Salmonella lysate antigen. Overnight cultures of Salmonella serovar Typhimurium strain F98 (as described above) were used to inoculate 250-ml conical flasks containing 100 ml LB broth and were placed in an orbital incubator (150 rpm at 37°C) overnight. Bacterial cells were pelleted by centrifugation at 4,080 ϫ g for 20 min and then washed twice and resuspended in 20 ml PBS. The bacterial suspension was freeze-thawed three times in liquid 5174 WITHANAGE ET AL. INFECT. IMMUN.
nitrogen and then sonicated (nine 20-s bursts on ice) in 10-ml portions at an amplitude of 15 m using a Soniprep 150 sonicator (MSE Scientific Instruments, Crawley, United Kingdom). The suspension was clarified by centrifugation at 4,080 ϫ g for 20 min, followed by ultracentrifugation of the supernatant at 30,000 ϫ g for 20 min to remove the insoluble fraction. The concentration of protein in the soluble antigen preparation was determined using a Bradford protein determination kit (Merck, Poole, United Kingdom), and aliquots were frozen at Ϫ20°C until they were needed.
Enzyme-linked immunosorbent assay (ELISA).
Flat-bottom 96-well enzymelinked immunosorbent assay (ELISA) plates (BD Biosciences, Oxford, United Kingdom) were coated with the soluble antigen preparation diluted to a concentration of 16.2 g/ml in carbonate-bicarbonate buffer (pH 9.6) overnight at 4°C and then washed with PBS containing Tween 20 (0.05%) (PBS-T). Nonspecific binding sites were blocked using PBS-T containing 3% skim milk powder (Oxoid, Basingstoke, United Kingdom) (blocking buffer) for 1 h at 37°C. Serum samples were diluted 1:400 in blocking buffer (when testing for IgM and IgG) or were diluted 1:25 (when testing for IgA) and added to the plate, which was then incubated at 37°C for 1 h. Plates were washed in PBS-T, and bound immunoglobulins were detected by incubation at 37°C for 1 h with horseradish peroxidase conjugated to either goat anti-chicken IgM (1:1,000; Serotec, Oxford, United Kingdom), rabbit anti-chicken IgG (1:2,000; Sigma), or goat anti-chicken IgA (1:20,000; Serotec) diluted in blocking buffer. After the conjugation plates were washed with PBS-T, 50 l per well of a 2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS)-hydrogen peroxide solution (Sigma, Poole, United Kingdom) was added to each of the plates, which were incubated at room temperature in the dark for 30 to 60 min. The reaction was stopped by adding 1% sodium dodecyl sulfate, and the absorbance at 405 nm was determined with a Benchmark microplate reader (Bio-Rad, Hemel Hempstead, United Kingdom).
RESULTS
Primary infection with Salmonella serovar Typhimurium. Salmonella was found in the livers, spleens, and cecal contents of all infected birds by 3 to 7 dpi ( Table 1 ). The systemic counts of Salmonella peaked at 14 dpi, following which they declined, Salmonella was detected only following enrichment with selenite broth in the majority of liver and spleen samples by 28 dpi. The levels of Salmonella in the cecal contents peaked at 7 dpi and then gradually declined, although four of five birds still had detectable Salmonella in their cecal contents at 28 dpi. No Salmonella was detected in the control group throughout the experiment.
To determine any pathological changes, livers, spleens, jejuna, ilea, and cecal tonsils were examined macroscopically. Signs of mild inflammation, such as hyperaemia in the walls of jejuna and ilea, slight diarrhea, and mild hepatosplenomegaly, were seen in infected birds. On microscopic examination very small infiltrates consisting mainly of mononuclear cells were found in the liver 3 dpi (Fig. 1A) . More organized follicular lesions were seen in the livers from 7 dpi onward (Fig. 1B) along with areas of necrosis and some loss of normal hepatic structure (Fig. 1C) . Lesions were not distinguishable in the spleen, but because of the dense structure of this organ Salmonella-associated lesions are difficult to visualize even in animals with severe systemic salmonellosis (33) . Examination of intestinal tissue revealed slight infiltration of heterophils, the functional equivalent of mammalian neutrophils (21, 25) . The changes in the numbers of different cell subsets in the intestinal samples could not be quantified, but immunohistochemical examination revealed that both CD4 ϩ and CD8 ϩ cells were involved in the formation of the follicular lesions in the livers of the Salmonella-infected chickens (Fig. 1D to F) . Quantification of the specifically stained cell subtypes showed that there was a significant (P Ͻ 0.05) increase in the number of T cells, but not B cells, 7 and 14 days after primary Salmonella infection in the livers (Fig. 2) . The numbers of the T cells appeared to be lower in the spleens from infected birds at 14 dpi. The numbers of T cells seemed to be increased in both the ilea and cecal tonsils, but as discussed above, these cells could not be easily quantified.
Secondary (rechallenge) infection with Salmonella serovar Typhimurium. Following primary infection with Salmonella serovar Typhimurium, fecal excretion was detected up to 8 weeks postinfection by cloacal swabbing (Fig. 3) . Following clearance groups 2 and 3 were infected with the spectinomycinresistant mutant of Salmonella serovar Typhimurium strain F98. As expected, birds that had previously received Salmonella serovar Typhimurium (group 3) showed a high level of protection to both systemic and gastrointestinal infection compared to previously uninfected birds (group 2) ( Table 2) . No Salmonella was detected in the spleens or livers of previously infected birds, while there was a reduction in the number of Salmonella cells in the cecal contents and clearance of Salmonella from the gastrointestinal tract within 14 days. In contrast, the birds that received a primary infection treatment (group 2) had Salmonella in their spleens and livers and in their cecal contents until the end of the experiment. No Salmonella was detected in the control group.
Little or no pathology was found in either the primary or secondary infected birds. Microscopic examination revealed cellular changes in the primary infected birds (group 2) that were similar to, although less pronounced than, those found after primary infection of younger birds in experiment 1. No distinct cellular changes were found in the rechallenged birds other than an early influx of mononuclear cells into the gastrointestinal tract (group 3). Quantification of proinflammatory cytokine and chemokine mRNA expression. A linear relationship between the amount of input RNA and the C t values for the various reactions was seen as expected in a log 10 dilution series of standard samples for each cytokine or chemokines that also acted as positive controls for RT and PCR. Regression analysis of the C t values generated with the log 10 dilution series of standards gave R 2 values for all reactions that were greater than 0.97. To account for the variation in sampling and RNA preparations, the C t values for cytokines and chemokines specific for each sample were standardized using the C t value for 28S rRNA for the same sample from a reaction performed simultaneously. Using the slopes of the cytokine and chemokine and 28S rRNA log 10 dilution series regression lines, the difference in input total RNA, as represented by the 28S rRNA, was then used to adjust cytokine-and chemokine-specific C t values. Standardization did not dramatically alter the distribution of the results as a whole.
Cytokine and chemokine expression following primary infection. Following infection, expression of IFN-␥ mRNA was significantly up-regulated in infected birds (it was up to 200-fold greater than the control levels; P Ͻ 0.05) in the liver, ileum, and cecal tonsils at 3, 7, and 14 dpi (Fig. 4A , B, and D).
In contrast, significant down-regulation of IFN-␥ expression was found in the spleen at 21 and 28 dpi (Fig. 4D ). In the jejunum and ileum, significantly increased expression of TGF-␤4 mRNA was found 1 dpi (Fig. 5 ), whereas expression of proinflammatory cytokines and chemokines (IL-1␤, IL-6, IL-8, K60) was not significantly changed in the gastrointestinal tract of the chickens infected with Salmonella at 1, 3, or 7 dpi (data not shown), although increased expression of IL-6 was found in the ileum and cecal tonsils from 14 and 21 dpi onward, respectively (Fig. 6) ; little or no change in expression was found in the spleen or liver (data not shown). Interestingly, up to about 30-fold-higher expression of TGF-␤4 mRNA was seen in a range of tissues at 7 dpi (Fig. 5) . Expression of IL-4 and IL-10 mRNA was not detected in this experiment. For the chemokines examined, the mRNA levels of the CC MIP family chemokine were significantly greater (12-fold; P Ͻ 0.05) in the livers of infected birds at 3 dpi and remained somewhat higher in infected birds at 7 and 14 dpi (data not shown), although no significant changes were found in other tissues during primary infection.
Cytokine and chemokine expression following secondary infection. Significant expression of the MIP family chemokine and IL-6 mRNAs was found in both the ileum and cecal tonsils from 1 day after the secondary infection compared to uninfected controls (P Ͻ 0.05) (Fig. 7) . Expression of the MIP family chemokine was also seen in the cecal tonsils and ileum of the age-matched birds (group 2) that received a primary infection, although the levels of expression were significantly lower (P Ͻ 0.05) than those in the rechallenged birds (group 3) and expression was not detected in the cecal tonsils until 3 dpi. No pattern of expression in the spleen or liver for these or any other cytokines or chemokines could be determined following secondary infection, nor could any pattern of expression be found for other cytokines in the ileum or cecal tonsils (data not shown).
Salmonella-specific antibody production following primary infection. Specific antibodies to Salmonella were detected in infected birds by ELISA following infection, and the results showed a classical pattern; significant levels of IgM antibodies were detected by 14 dpi, and IgG (IgY) and IgA antibodies were detected at 21 dpi (Fig. 8) . The levels remained higher than those in uninfected controls until the end of the experiment at 28 dpi.
Salmonella-specific antibody production following secondary infection. The levels of circulating IgG antibodies were high in the previously infected birds (group 3) prior to the secondary infection and changed little following infection (Fig. 9) . The levels of IgM antibodies also changed little during the secondary infection. The levels of IgA antibodies rose significantly during the secondary infection from 7 dpi onward. The agematched primary infected birds again showed a classical pattern of antibody production, although the production was more rapid than that in the younger birds in the previous experiment and significant levels of IgG and IgA antibodies were found by 14 dpi, possibly reflecting the increased immunological maturity of 10-week-old birds compared to 1-weekold birds. No. positive/total no.
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DISCUSSION
The results of this study revealed a number of key points in the development of the primary immune response to Salmonella infection in the chicken and suggest that chemokines and cytokines play a key role in the protective response to salmonellosis. Clearance of primary infection by Salmonella serovar Typhimurium in the chicken appeared to involve IFN-␥-mediated T-cell responses, confirming other recent findings (6, 7) . This indicates that clearance is primarily Th1 mediated, particularly as Th2 cytokines were undetectable. The central role of IFN-␥ in the first 2 weeks of infection is consistent with its role in Salmonella serovar Typhimurium infection in mice, including the formation of focal granulomas and activation of macrophages (24) . The increases in IFN-␥ expression (up to 100-fold) found in the liver at 7 to 14 dpi coincided with increased numbers of T cells and the appearance of follicular lesions in the liver. Both CD8 ϩ and CD4 ϩ T cells are involved in the formation of these lesions (Fig. 1) , and in addition to the accumulation of mononuclear cells in the follicles, there are significantly higher numbers of scattered T cells throughout the liver (Fig. 2) . It is likely that IFN-␥ plays a key role in initiating these responses. Interestingly, T-cell numbers appeared to decline in the spleen but increased in the ileum at 14 dpi. This is consistent with the decrease in T-cell proliferation described by Beal et al. (6) following Salmonella serovar Typhimurium infection and is consistent with trafficking of T cells from the spleen to the intestines, where relatively high numbers of Salmonella bacteria persist. High levels of expression of the chemokine MIP-1␤ were found in the liver early in primary infection. In mammals, the CC MIP family chemokines are chemoattractants for a range of cell types, including lymphocytes, particularly Th1 CD4 ϩ cells and macrophages or monocytes (23) . The expression found in this study is consistent with the accumulation of mononuclear cells in the liver at 3 dpi onward observed by microscopy.
In contrast to studies with 1-day-old chicks (35) , in Salmonella serovar Typhimurium infections in 1-week-old birds the levels of proinflammatory cytokine and chemokine expression are not dramatically increased in the intestines. In very young birds Salmonella serovar Typhimurium infection leads to high levels of pathology in the gut, whereas the 1-week-old birds in this experiment displayed inflammation and an influx of heterophils and there were not the hemorrhagic lesions or bloodied, impacted cecal contents described previously (35) . Expres- sion of the regulatory cytokine TGF-␤4 was found in the intestines early in the infection, and this may have inhibited inflammatory responses. Interestingly, high levels of TGF-␤ expression have been associated with macrophage activation but not inflammation in the intestinal mucosa of piglets infected with a rough lipopolysaccharide mutant of Salmonella serovar Typhimurium (30) . The later expression of IL-6 found in the ileum and cecal tonsils may be associated with lymphocyte or macrophage development, regulation, or activation rather than with initiation of an inflammatory response. High levels of TGF-␤4 expression were also found in a wide range of tissues at 7 dpi, consistent with the role of this cytokine in down-regulating inflammatory responses. In the second experimental infection, previously infected birds demonstrated high levels of protection against systemic and gastrointestinal infection when they were rechallenged. Such a high degree of protection is consistent with previous studies (4) . Birds that received the secondary Salmonella infection showed few signs of inflammation or little change in cytokine or chemokine expression, with the notable exceptions of IL-6 and the MIP family chemokine in the cecal tonsils and ileum. Following the secondary infection there was a significant and rapid increase in IL-6 in intestinal tissue. Although IL-6 is primarily considered a proinflammatory cytokine, it has number of functions, including activation of T and B lymphocytes and the hematopoesis and development of macrophages (17, 22) . The coincident expression of a MIP family chemokine suggests that these signals attract cells to the gut and are involved in their activation. Immunohistological examination of these tissues was inconclusive as to whether T or B lymphocytes or indeed macrophages are the main cell types associated with these increases in expression. However, previous studies have indicated that proliferation of splenic T cells occurs immediately following secondary infection with Salmonella serovar Typhimurium (6), and it is believed that this is due to trafficking of these cells to the intestines. It is tempting to speculate that the MIP family chemokine and IL-6 are involved in the recruitment of T cells to the intestines and that these cells play a major role in protective immunity to gastrointestinal tract Salmonella infection in the chicken.
The level of inflammatory signals in primary infections of 10-week-old birds (group 2) was only marginally higher than that in uninfected controls. This in stark contrast to the results obtained for Salmonella serovar Typhimurium infection of 1-day-old chicks (35) or even 1-week-old birds described here. This lack of expression of proinflammatory signals may reflect the immunological maturity of the birds at 10 weeks of age, as older birds are likely to have larger numbers of and more effective regulatory T cells. Although the role of such cells in the chicken is poorly understood at this time, the cells play a significant role in controlling inflammatory responses in mammals, including responses to infection, and in regulation of inflammation in the gastrointestinal tract (26, 31) . The lack of inflammation and the absence of diarrhea in older chickens infected with Salmonella appear to support the hypothesis that T lymphocytes may regulate pathogen-induced inflammation found in younger birds.
The antibody response to Salmonella seen in this study is consistent with previous descriptions, following a classical pattern of IgM followed by IgG (IgY) and then IgA antibodies (6, 7). The levels of IgG antibody remained high throughout the primary infection and were still high during the secondary infection. Circulating antibodies may play a key role in protection against secondary systemic infection as killed vaccines generate high titers of circulating anti-Salmonella antibodies and lead to good protection against systemic challenge (10, 36) , although they are less effective than live vaccines or natural infection in protecting against enteric infection (4). Secondary infection does not greatly change the levels of IgM or IgG antibodies, although a significant increase in the level of IgA antibodies was found. This is consistent with the absence of systemic infection and the presence of Salmonella in the intestines leading to a mucosa-associated IgA response. Although in this study we did not directly assess secreted IgA, previous studies have indicated that elevated levels of IgA in serum correspond well to elevated levels of IgA in the chicken gut lumen (9, 28) The findings of this study indicate that IFN-␥-mediated Tcell responses play a key role in clearance of primary Salmonella serovar Typhimurium infections of chickens, particularly in the clearance of the systemic stages of infection. IFN-␥ appears to be involved with T lymphocytes and macrophages in the development of follicular lesions, and it seems likely that the foci represent bacteria being cleared by the developing immune response. The clearance of primary infection is dominated by a Th1-type response, as it is in mice. It is clear that Salmonella infection of chickens gives rise to a high degree of protection against subsequent rechallenge. The protection appears to be associated with both high levels of circulating antibodies and cellular responses. In particular, protection against enteric infection, the aim of chicken Salmonella vaccines, appears to involve rapid induction of cellular responses in the intestines and cecal tonsils that may subsequently involve IgA antibody responses. IL-6 and the CC MIP family chemokine appear to play a role in the protective response. The data presented here characterize the immunological changes associated with primary infection and the protective response to secondary rechallenge with Salmonella serovar Typhimurium. These data indicate the importance of antibody and particularly cellular responses in both immune clearance and protection.
